Preinvasive mammary pathologies in humans and rat chemical carcinogenesis model systems have an increased microvascular density relative to normal tissue. This suggests the possibility of preventing invasive breast cancer by inhibiting angiogenesis. Vascular endothelial cell growth factor (VEGF) is a potent angiogenic growth factor, commonly involved in tumor-induced angiogenesis. Here, we show that both VEGF and VEGFR2 expression increase with histological progression to invasive disease in the rat 7,12-dimethylbenz[a]anthracene (DMBA) model. Other VEGF receptors, VEGFR1, neuropilin 1 and neuropilin 2, are constitutively expressed throughout progression. To examine whether VEGF signaling is functionally relevant to tumor-induced endothelial tubule formation in vitro and for tumor formation in vivo, we utilized the VEGFR2 inhibitor, ZD6474. In vitro endothelial cell tubulogenesis induced by isolated mammary organoids or carcinoma in situ from DMBA-treated rats is inhibited by ZD6474, in a dose-dependent fashion. The administration of ZD6474 to DMBAtreated rats inhibits the formation of atypical ductal hyperplasia and carcinoma in situ by greater than 95% (Po0.05), when administered 1 week or 6 weeks post-DMBA initiation. Invasive disease was absent in all ZD6474 cohorts. These data support the hypothesis that progression of DMBA-induced preinvasive mammary pathologies to palpable disease requires angiogenesis via a VEGF-dependent mechanism.
Angiogenesis is the process of forming new vessels from pre-existing vessels, 1 and has been shown to be important in the process of breast cancer progression and metastasis. 2 We and others have shown that angiogenesis is also important in the process of breast cancer formation, as indicated by the stepwise increase in microvascular density with progression from normal epithelium to invasive disease. [3] [4] [5] [6] In addition, we have shown that in the rat model system of DMBA-induced mammary tumor formation there is a similar pattern of upregulated microvascular density with progression. 7 Finally, if one isolates normal epithelium or tumor tissue from DMBA-treated rats, both are capable of inducing endothelial tubule formation in vitro, indicating that the angiogenic potential of these tissues is greater than that from vehicle-treated control rats. 7 One of the clinical problems in caring for women with breast disease is determining how to prevent cancer formation in women who have increased risk due to genetic predisposition or the presence of proliferative lesions. 8 The anti-estrogen, tamoxifen, is currently the best-studied option for chemoprevention in this population. 9 Data regarding increasing microvascular density with disease progression suggests that inhibition of angiogenesis may be a novel mechanistic target for chemoprevention. As proof-of-principle that disease progression is dependent upon angiogenesis, we examined the effect of the angiogenic inhibitor, TNP-470, on disease progression in carcinogen-treated rats. These data showed that early administration of this endothelial-selective inhibitor potently blocked the production of carcinoma in situ (CIS) and invasive disease (INV). 10 Our early characterization of DMBAinduced tumors showed that they produced the potent angiogenic growth factor, vascular endothelial cell growth factor (VEGF). 7 Here, we examine the expression levels of VEGF and its receptors, VEGFR1, VEGFR2, Neuropilin-1 (NRP1), and Neuropilin-2 (NRP2), during DMBA-induced carcinogenesis in rats. In addition, we show potent effects of the VEGFR2 inhibitor, ZD6474, at very early stages of the carcinogenic process in this model.
Materials and methods

Animal Model
Virgin female Sprague-Dawley rats (Taconic Farms, Germantown, NY, USA), 45 days old, were given 8 mg DMBA/100 g body weight (16 mg/ml in corn oil dissolved at 95-961C). DMBA-treated rats were randomized to three cohorts (n ¼ 17 per cohort). Cohort A were controls, receiving 1% Tween-80 (Sigma, St Louis, MO, USA) by intragastric gavage daily under light isofluorane anesthesia. Cohort B were given a daily gavage of ZD6474 (gift from Astra Zeneca) for a period of 12 weeks beginning on day 2 (30 mg/kg weeks 1-6, 15 mg/kg weeks 7-12). Cohort C were given daily gavage of ZD6474 for a period 6 weeks (30 mg/kg, weeks 7-12). ZD6474 was administered as a suspension in 1% Tween-80 as described for controls. Animals were palpated twice weekly for the presence of tumors. BrdU (50 mg/kg) was administered i.p. to all animals at 24 and 12 h prior to death. At 12 weeks after DMBA treatment, mammary glands, including tumors and hyperplastic patches, were dissected for assays, snap frozen for RNA extraction, or formalin fixed for histological analysis. Pathologic diagnoses were according to Russo et al 11 and read blinded to treatment group. We have recently published a pictoral description of diagnoses, as used in these studies. 10 All cases of INV were confirmed with cytokeratin immunohistochemistry. All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Cincinnati.
Immunohistochemistry
Immunohistochemistry was performed using the Ventana 320ES automatic immunostaining system, with primary and secondary antibody incubations for 32 min at room temperature, as described previously. 7 For the monoclonal primaries rat adsorbed anti-mouse (Vector, Burlingame, CA, USA) was used as the secondary antibody at 1:50. Preimmune rabbit IgG or isotype-specific mouse IgG added in place of the primary antibody were used as the negative controls. Histologic sections were double stained by immunohistochemistry for von Willebrand factor (VWF) (polyclonal; 1:400, Dako, Carpenteria, CA, USA) and bromodeoxyuridine (BrdU) (clone 3D9, 1:500, which was a gift from Dr Azra Raza, Rush Presbyterian Hospital, Chicago, IL, USA). In addition, cytokeratin (clone C-11, 1:20, Lab Vision, Fremont, CA, USA) staining was performed on tumors that were potentially invasive. Slides for cytokeratin staining were pretreated in 10 mM borate at 751C overnight prior to the addition of the primary antibody.
TUNEL Labeling
Deparaffinized slides were labeled to identify apoptotic cells using the TUNEL labeling kit from Roche (Indianapolis, IN, USA) according to the manufacturer's instructions.
RT-PCR
Frozen sections of rat mammary glands 3 months post-DMBA exposure were used for RT-PCR. Alternatively, the PixCell II LCM system was used to microdissect epithelial cells from H&E-stained frozen tissue sections. Amplitude and pulse duration of the PixCell II laser were adjusted to allow complete tissue capture using 15 mm laser beam. The microdissecting time of each section was within 15 min to prevent RNA degradation. After microdissection of each specimen, the thermoplastic filmcoated cap containing the captured cells was placed in a microtube. Isolated RNA (Stratagene RNA Micro-isolation Kit, Stratagene, Carlsbad, CA, USA) was resuspended in DEPC water and reverse transcribed to cDNA using a cDNA Cycle Kit (Stratagene) according to the manufacturer's instructions. PCR was performed on cDNA using primers listed below and the following: 1 ml of cDNA, 2 ml 10 Â buffer, 2 ml 5 pmol primers, 0.4 ml 10 nM dNTP, and 0.3 ml Taq in 20 ml. PCR conditions included hot start at 941C for 3 min, 30 s denaturation (941C), 30 s annealing (annealing temperatures (AT) listed below), and 30 s extension (721C) for 25-35 amplification rounds and 5 min final extension at 721C. PCR reaction mix (5 ml) was separated by PAGE using 5% acrylamide gel with SYBR Green I staining. Gels were scanned with STORM 860 (Molecular Dynamics, Inc.) and the intensity of PCR product bands was quantified using ImageQuanT software. The results are expressed as the ratio of VEGF or receptor band intensity/b-actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) band intensity. Note that one of two actin primer pairs were used, depending on the product size (PS) needed.
Data from semi-quantitative RT-PCR was confirmed for VEGFR2 using real-time PCR, comparing product formation with GAPDH as a standard. Realtime PCR was performed using a LightCycler s (Smart Cycler System.II, Cepheid, CA, USA). Reactions were done in a final volume of 30 ml using primers 0.5 mM (as above), 1 ml synthesized cDNA, dNTPs, and Taq DNA polymerase and reaction buffer provided in the LightCycler-FastStart DNA Master SYBR Green I kit (Roche Molecular Biochemicals, Mannheim, Germany). All real-time PCR assays included an initial 10 min incubation at 951C to activate the FastStart polymerase enzyme followed by 55 cycles of denaturation for 10 s at 951C, annealing 6 s at 581C (for GAPDH) or as indicated for each primer and extension 10 s at 721C. Melting curves were plotted to determine PCR product identity. Results were analyzed using Smart Cycler software.
Primers In Vitro Endothelial Tubulogenesis (Angiogenic Potential)
As previously described, 7 fresh minced tumor was placed over the surface layer of a collagen type I sandwich, 1.5 mg/ml (rat-tail collagen), in which 2 Â 10 4 HUVEC (Clonetics, San Diego, CA, USA) per well had been cultured in between collagen layers of a 48-well plate. Tissue pieces for each well were isolated under 10 Â visualization to assure an equal distribution. Five wells per condition were used for each test reagent. Alternatively, viably frozen minced tumor pieces are thawed and cultured in type 1 collagen in DMEM/F12 (50:50) with 12 mM Hepes, 10 mg/ml insulin, 1 mg/ml BSA, 1 mg/ml ascorbic acid, 0.5 mM glutamine, 0.5 mg/ml hydrocortisone, 2.6 ng/ml selenium, 1 mg/ml prolactin, 1 mg/ml progesterone, 10 ng/ml apotransferin, and 10 ng/ml EGF. 24 h conditioned media is concentrated in a Centricon YM-3 (Millipore Corp, Bedford, MA, USA) and used to stimulate HUVEC tubulogenesis. Monoclonal anti-human VEGF (clone JH121, Neomarkers, Fremont, CA, USA) or mouse immunoglobulin (Sigma) were used at 1, 5, 10 and 20 mg/ml. ZD6474 (a gift from AstraZeneca) was added at final concentrations between 0 and 500 nM. bFGF or VEGF (75 ng/ml) (NCI) were used as positive controls. In some assays, EGF or TGFa (10 ng/ml) (BD Biosciences, Bedford, MA, USA) were used to induce angiogenesis. After 15 h, 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (1 mg/ml) (Sigma) was added. After 2 h later the medium was removed and the wells fixed in 10% formalin. If tissue pieces were used, these were removed and checked for viability and equality of distribution among replicate wells by MTT staining. Digital images of five replicate wells were analyzed for total length of HUVEC tubules using ImagePro (Media Cybernetics) and normalized against medium alone and medium with 75 ng/ml VEGF 165 .
In Vitro Endothelial Mitogenesis
Conditioned medium from DMBA-induced tumors in collagen type I cultures (as above) were used to induce HUVEC proliferation. The medium was first concentrated using a Centricon YM-3 (Millipore Corp, Bedford, MA, USA). The concentrate was added to 8 Â 10 3 HUVEC per well in 48-well plates. ZD6474 was added at 0, 100, 250, and 500 nM. Five replicates were performed per condition per sample. After 40 h the HUVEC were stained with 5 mg/ml MTT. After 2 h, cells were dissolved in DMSO and the optical density recorded at 550 nm.
Statistical Methods
All statistical evaluations were performed using Sigma Stat (SPSS, Chicago, IL, USA). Group mean comparisons were by one-way ANOVA, two-sided, with 95% confidence intervals. Multiple comparisons within one-way ANOVA were by Bonferroni t-test. PCR product ratios were compared using twosided nonparametric ANOVA on ranks with 95% confidence intervals. Matched comparisons at a given concentration of immunoglobulin were evaluated by T-test.
Results
Mammary glands and tumors were isolated and snap frozen in OCT from rats 3 months following DMBA exposure. Extracted RNA from frozen tissue sections were used for semi-quantitative analysis of VEGF, VEGFR1, VEGFR2, NRP1, and NRP2 expression relative to the expression of b-actin (Figure 1 ). Seven to 15 samples for each histological diagnosis were examined. Note that VEGF expression increases with disease progression, as does the expression of VEGFR2. Expression levels of VEGFR1 and the VEGF coreceptors, NRP1 and NRP2, do not differ among the different pathologies examined. To confirm the VEGFR2 data, the studies were repeated using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for normalization. The same relative expression patterns were observed as with b-actin ( Figure 1 ). Finally, cDNA samples from five normal, four IDPp, five CIS, and four INV were analyzed by real-time PCR relative to GAPDH, yielding similar results (data not shown). ZD6474 has a 12.5-fold increased selectivity for VEGFR2 over the epidermal growth factor receptor (EGFR) with an IC 50 for EGFR of 0.570.1 mM;
15 therefore, we also examined EGFR mRNA expression during tumorigenesis (data not shown). EGFR was expressed at very low levels in normal tissue and did not increase with progression, consistent with previously published data showing that the EGFR ligand, transforming growth factor a, but not EGFR, are found in DMBA-induced tumors. 16 Since tumor cell VEGF/VEGFR2 coexpression may form an autocrine loop in some systems, 17 we tried to confirm that expression of VEGFR2 was restricted to the endothelium. Antibodies specific to VEGF/VEGFR2 complexes did not bind specifically in our rat tissues. RT-PCR for VEGFR2 from isolated epithelial organoids showed VEGFR2 expression in three of 11 samples (data not shown), indicating a rare vascular contamination in these few isolates and no expression in the majority of samples. To examine the epithelium of preinvasive lesions, we isolated epithelial cells from frozen tissue sections using laser capture microdissection. Samples were matched to those used for RT-PCR of whole tissue sections, above. Product production was normalized to GAPDH in the same tube. Figure 2 shows that compared to whole tissue sections containing IDPp or CIS, there is little to no production of VEGFR2 in the epithelium from these matched lesions.
To confirm that the VEGF produced by the tumors was sufficient to drive angiogenesis, we assayed the ability of anti-VEGF antibody or the VEGFR2 inhibitor, ZD6474, to inhibit tissue-induced endothelial tubule formation in vitro. As previously shown, isolated mammary organoids from DMBAtreated rats and fragments of CIS diced to pieces 0.5-1 mm on each side readily induce tubule formation in HUVEC embedded in collagen gels. 7 Concentrated conditioned media from CIS in culture is also able to induce HUVEC tubulogenesis. Figure 3 shows the mean 7s.d. of HUVEC tubule length induced by three tumors in which 0-20 mg/ml IgG or anti-VEGF was added to the angiogenesis assay. In all three tumors 10 and 20 mg/ml of anti-VEGF showed statistically significant inhibition relative to the same concentration of nonspecific mouse immunoglobulin (Po0.05).
ZD6474 was able to inhibit tumor-induced angiogenesis in seven of nine tumors tested, in a dosedependent manner. Combined data from all nine tumors shows that ZD6474 inhibits tumor-induced HUVEC tubule formation in a dose-dependent fashion above concentrations of 250 nM ( Figure  4a ). Similar data are also seen when normal organoids from DMBA-treated rats are utilized, although a slightly higher concentration (500 nM) was necessary in these assays to reach statistical significance (Figure 4b) . HUVEC tubulogenesis is an in vitro test of angiogenic potential. A second test is endothelial proliferation. Figure 4c shows that ZD6474 also blocks tumor conditioned mediuminduced HUVEC proliferation in a dose-dependent fashion. As with most tumors, DMBA-induced tumors produce a variety of angiogenic factors; 18 therefore, to ensure the specificity of ZD6474 for VEGF-mediated signaling, we tested this agent against basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), transforming growth factor alpha (TGFa), and VEGF-induced HUVEC tubulogenesis (Figure 4c ). EGF and TGFa were chosen since they are angiogenic factors, but also ligands to EGFR, another receptor tyrosine kinase against which ZD6474 has some activity. 15 Note that when growth factors other than VEGF are used as the angiogenic agent, ZD6474 has no effect on HUVEC tubulogenesis, whereas ZD6474 gives significant inhibition of VEGF-stimulated tubules under the same conditions (Po0.05).
To test the hypothesis that VEGF is a major regulator of vessel growth during DMBA-induced tumor formation and to determine at which stage VEGF regulation of angiogenesis may be important for progression, we administered the VEGFR2 inhibitor, ZD6474, to DMBA-treated rats. ZD6474 is an orally administered low molecular weight inhibitor of VEGFR2 tyrosine kinase activity. 15 As in previous studies, 10 two time points post-DMBA exposure were chosen to begin drug administration: first, 24 h after DMBA exposure, the time point at which DMBA-DNA adduct formation is largely completed, but before any histological changes in the mammary tissue are identified (Cohort B); second, 6 weeks post-DMBA exposure, a time point when numerous small proliferative lesions, as well as small carcinomas in situ, are readily found (Cohort C). Cohort A received vehicle rather than ZD6474 beginning 24 h after DMBA. All animals were killed 3 months after DMBA exposure and the mammary glands characterized histologically for number of proliferative ductal lesions, CIS, and INV. Figure 5a shows the results of these studies. The incidence data for proliferative lesions are plotted for patches of initiated intraductal proliferations (IDPi) and promoted intraductal proliferations (IDPp) showing cytological atypia, both of which are precursors to CIS and INV. Histological characterization of these lesions and their progression over time have been well described and illustrated, previously. 10, 19 In addition, data are shown on lobular hyperplasia (HP), which are precursors to nonaggressive tubular adenomas. 20 In this model system all forms of hyperplasia have a greater microvascular density than normal epithelium, but IDPp have the greatest microvascular area relative to epithelial area of any of the DMBA-induced pathologies. 7 Indeed, IDPp formation was potently inhibited by ZD6474 when administered early in tumorigenesis, being inhibited by 99% (Po0.05). CIS was similarly inhibited (100%, Po0.05). When administered after the formation of proliferative lesions and small CIS, ZD6474 inhibited IDPp and CIS by 95% (Po0.05). The data on INV did not reach statistical significance in either cohort because in this particular trial, fewer of the tumors progressed to invasion in the DMBA group relative to previous studies. However, in the ZD6474 cohorts there were no invasive lesions identified. Figure 4 HUVEC tubulogenesis assays were performed as in Figure 3 . Wells contained either isolated DMBA-induced carcinoma (a) or mammary organoids from DMBA-treated rats (b). ZD6474 was added during the assay at the concentrations indicated. Tumor data from nine specimens (a) or organoid data from five specimens (b) were pooled for statistical analysis by normalizing the HUVEC tubule length for each set of wells to a minimum tubule length (zero) and VEGF-induced tubule length (100%). As an additional assay to show the VEGFR2-dependent effects of tumors on the endothelium, we used conditioned media from three of the tumors to induce endothelial cell proliferation. MTT-stained HUVEC were dissolved in DMSO and the OD determined at 550 nm. The inhibitory effect of ZD6474 is shown in (c). The mean7s.d. for each type of assay are indicated. *Indicates a statistically significant difference relative to 0 nM ZD6474 (Po0.05). To confirm the specificity of ZD6474 for VEGFR2 in our assay system, HUVEC were treated with 10 ng/ml EGF, 10 ng/ml TGFa, 75 ng/ml bFGF, or 75 ng/ml VEGF and ZD6474, as shown (d). Plotted is the mean7s.d. from two sets of experiments, each with 5 replicate wells per treatment. *Indicates statistically different results relative to growth factor alone by ANOVA (Po0.05).
Histological examination of the rare tumors in the ZD6474 cohort showed tumors that were in part necrotic, with large viable regions lacking significant epithelial proliferation (Figure 6b ) relative to tumors from the untreated DMBA cohort (Figure 6a ). Tumors shown are double labeled for von Willebrand Factor (brown) and BrdU (blue). Note that the nonproliferative area in panel b is not necrotic but contains only rare BrdU-positive cells. Vessels are indicated by arrows. Vessels in the untreated group appear normal; whereas the vessels in the ZD6474 cohort are often ill-defined and surrounded by spilling of plasma proteins into the adjacent matrix. Three tumors each from the untreated and the 6-week ZD6474 cohorts were examined by image analysis for vascular area relative to epithelial area. DMBA-induced CIS had a normalized vascular area of 0.08770.122 vs 0.02370.005 in the ZD6474-treated cohort. There are too few tumors for statistical analyses, but the data suggest that unlike TNP-470, which did not alter the normalized vascular area, 10 ZD6474 breakthrough tumors do have a diminished vascularity. Figure 6c and d show the same tumors as in panels a and b now stained for apoptosis by TUNEL assay. Brown apoptotic cells are highlighted by arrows. The apparent apoptotic rate from these images suggests that the ZD6474 cohort had tumors with a decreased apoptotic frequency relative to the untreated cohort; however, there are too few available tumors to make a firm conclusion.
The efficacy of ZD6474 as a chemopreventive agent is most apparent when one considers palpation data (Figure 5b ). In the early cohort (Cohort B; data not shown) there were no palpable tumors in the ZD6474-treated cohort compared with a mean tumor volume of 14 cm 3 /rat in the vehicle-treated control group (Cohort A, Figure 5c ). In addition, the effect of ZD6474 was readily apparent in the 6-week group (Cohort C) in which many of the animals had small palpable tumors prior to the initiation of therapy. However, most disappeared within 3 weeks of therapy. In some cases, IDP were identified in these locations. In other cases, histological confirmation of a previous tumor at that site was not possible.
Discussion
It has been understood for some time that invasive tumor growth and metastasis are angiogenesis dependent. In a few types of tumors, this knowledge has led to some remarkable data in clinical trials and great hope for certain patients. 21 However, the role of angiogenesis in preinvasive lesions is much less well understood. In the DMBA model system, by RT-PCR or immunohistochemistry (data not shown), VEGF expression is ubiquitous but rising with disease progression. However, the greatest microvascular density relative to epithelial area is found in IDPp. 7 VEGF expression levels do not clearly predict these changes in microvascular density. Therefore, we examined the expression of VEGF receptors. Most studies have shown that VEGFR2 is the receptor commonly associated with angiogenesis, particularly in tumors. 22 However, the coreceptors NRP1 and NRP2 increase VEGFR2 signaling in the presence of VEGF.
23 VEGFR1 also forms complexes with neuropilins, but the significance of these associations and the role of VEGFR1 in tumor angiogenesis are not clear. 24 However, NRP1 has been shown to regulate angiogenesis in wound healing. 25 Our data show that all four receptors are ubiquitous throughout progression, but only VEGFR2 expression changes with tumor development. Interestingly, the increase in VEGFR2 levels with the formation of IDPp, seen in many lesions, is consistent with the observed large increase in microvascular density at this stage. The functional inhibition of VEGFR2 by ZD6474 resulted in the suppressed development of microscopic and palpable tumors, showing the centrality of this receptor in tumor-induced angiogenesis. Whether VEGFR1 and the neuropilins also play a role requires additional study.
The inhibition of atypical hyperplasia, IDPp, is surprising if one considers that these microscopic lesions are not predicted to be dependent upon angiogenesis based upon data showing that tumors in perfused organs are limited to 1-2 mm 3 prior to neovascularization. 1 The maximum diameter of an IDPp in our studies is about 700 mm, which is 0.35 mm 3 . Therefore, the mechanism by which angiogenesis fosters their growth is not clear. As shown before, IDPp are intensely angiogenic relative to epithelial area, whereas the early hyperplastic lesions (IDPi) have essentially the same level of vascularization as normal epithelium. 7 The latter are unaffected by inhibition of VEGF signaling by ZD6474. Although we have not entirely ruled out the possibility of autocrine signaling via this receptor in the epithelium, the levels of VEGFR2 expression make this seem unlikely.
Another well-characterized system in which the relationship of angiogenesis to tumorigenesis has been studied is the Rip-1-Tag islet carcinogenesis system, 26 in which a subset of hyperplastic islets stochastically 'switch on' angiogenesis followed by progression to CIS and INV. Using this system, Bergers et al 27 showed that there was a precursor stage-dependent efficacy of four different angiogenic inhibitors, none of which were able to prevent histological progression to invasive disease. The DMBA-induced pathologies have a different pattern of angiogenic regulation than the Rip-1-Tag model, in that even the normal epithelium is angiogenic relative to that in control rats, with microvascular density increasing during the development of atypical hyperplasia. 7 With rapid epithelial expansion to CIS, the microvascular density normalized to epithelial area actually decreases relative to the proliferative lesions. As with human breast disease and unlike the Rip-1-Tag model, vascular disruption and hemorrhage are not a feature of this system. Data presented here show that VEGF expression is ubiquitous in this system, with the highest expression correlating with palpable tumor formation. Therefore, the regulatory step for VEGF-mediated angiogenesis includes upregulation of the receptor, specifically VEGFR2. Expression of this receptor is increased in the late proliferative stage (IDPp), which is consistent with the finding that inhibition of this receptor in vivo by ZD6474 blocks the development of IDPp.
The question then remains, which step in progression is angiogenesis dependent? As in the Rip-1-Tag model, 27 the answer depends upon the angiogenic inhibitor examined. In other studies treatment with the angiogenic inhibitor, TNP-470, inhibited CIS and INV formation in this same rat model when administered early, but not at 6 weeks post-DMBA. 10 TNP-470 had no influence on ductal hyperplasias, which are precursors to INV, but effectively inhibited lobular hyperplasia. These data are in marked contrast to our current data in which ZD6474 was highly efficacious as a chemopreventive agent when administered early and 6 weeks post-DMBA. Unique to these ZD6474 studies, the atypical ductal proliferations (IDPp) were largely prevented from developing, whereas lobular hyperplasia was unaffected. ZD6474 was even more efficacious than TNP-470 in inhibiting palpable tumor formation and, in addition, was able to block the formation of atypical hyperplasia.
These data add to the growing literature that preinvasive lesions are dependent upon neovascularization for their development. 28 Immunohistochemical analysis of angiogenic regulators in human breast pathologies highlights the complexity of angiogenic regulation with progression. 29 While there are large numbers of data published in model systems touting novel regulators of an 'angiogenic switch', for example, [30] [31] [32] [33] it seems far more likely that in human disease there are complex opposing systems that gradually lead to an increased angiogenic phenotype as a function of epithelial progression and stromal response. We have shown this for breast cancer, 3 others have shown this for colon cancer. 34 This opens up new avenues of research for targeted prevention of invasive tumors. Among populations at risk, those with previously treated malignancies, high-risk family histories, and the presence of preinvasive pathologies are a growing cohort in oncology practices. Our data suggest that chronic inhibition of angiogenesis early in disease may provide new therapeutic modalities in this population of women.
